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Abstract:



The retinoblastoma (RB) tumor suppressor is known as a master regulator of the cell cycle. RB is mutated or functionally inactivated in the majority of human cancers. This transcriptional regulator exerts its function in cell cycle control through its interaction with the E2F family of transcription factors and with chromatin remodelers and modifiers that contribute to the repression of genes important for cell cycle progression. Over the years, studies have shown that RB participates in multiple processes in addition to cell cycle control. Indeed, RB is known to interact with over 200 different proteins and likely exists in multiple complexes. RB, in some cases, acts through its interaction with E2F1, other members of the pocket protein family (p107 and p130), and/or chromatin remodelers and modifiers. RB is a tumor suppressor with important chromatin regulatory functions that affect genomic stability. These functions include the role of RB in DNA repair, telomere maintenance, chromosome condensation and cohesion, and silencing of repetitive regions. In this review we will discuss recent advances in RB biology related to RB, partner proteins, and their non-transcriptional functions fighting back against genomic instability.
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1. Introduction


The retinoblastoma (RB) tumor suppressor plays an important role in cell cycle progression [1,2,3]. The function of RB in cell cycle control is mediated through its interaction with the E2F family of transcription factors. RB binds to E2F family members at the promoters of genes important for S phase progression and cell proliferation. The binding of RB to E2F proteins either blocks the recruitment of transcriptional co-activators or recruits transcriptional co-repressors to these promoters, thus repressing the expression of these genes and halting the G1/S cell cycle transition. Upon mitogen stimulation, cyclin-dependent kinases (CDK4, CDK6, and CDK2) become activated and phosphorylate RB [4,5,6]. Hyperphosphorylated RB dissociates from E2F, which allows E2F to recruit transcriptional co-activators to these promoters, thus relieving the transcriptional repression of these genes and allowing cell cycle progression. As cell cycle progresses, the decrease in CDK activity and the activity of protein phosphatase 1 (PP1) dephosphorylate RB (known as hypophosphorylated RB), which forms again a complex with E2F proteins and represses the transcription of cell cycle progression genes [7]. This negative regulation of cell cycle progression is thought to be the main mechanism by which RB suppresses tumor development. RB, however, interacts with more than 200 proteins, many of which are important for multiple processes beyond cell cycle control [8]. Among the proteins and complexes that directly or indirectly interact with RB there are histone acetyltransferases (HATs), deacetylases (HDACs), SWI/SNF chromatin remodelers (SMARCA2, SMARCA4), and DNA repair factors (BRCA1, CtIP, RPA) and many others. Furthermore, RB has been previously described as a “platform for multiple protein contacts” [1] and as a “multi-functional chromatin-associated protein,” not solely a transcriptional repressor for E2F family members [9].



RB is the most-studied member of the pocket protein family, which is composed of RB (p105, RB1 gene), p107 (RBL1 gene), and p130 (RBL2 gene) [1]. Germ line mutations in the RB1 gene result in retinoblastomas, a rare form of childhood cancer, and also higher risk of osteosarcomas and other types of cancer [10]. Moreover, the majority of human cancers have either mutations in the RB1 gene, or mutations in other genes in the RB pathway that result in a functionally inactivated RB, such as increased expression of cyclin D, CDK4 or CDK6 or silencing of the CDK inhibitor p16 [11]. It is widely accepted that the negative regulation of cell cycle progression is the main tumor suppressor function of RB. Indeed, studies using mouse models of RB have shown that tumor initiation in the absence of RB requires E2F1, thus supporting the idea that the repression of E2F1 target genes is behind the tumor suppression activity of RB [12]. Both p107 and p130 are also transcriptional regulators that mediate the repression of E2F-target genes by binding to these transcription factors and either blocking the recruitment of transcriptional co-activators or recruiting transcriptional co-repressors to these promoters [1]. However, p107 and p130 are very rarely mutated in human cancers [13]. Furthermore, studies in mice show that RB is an essential gene, as the knock-out mice die during embryonic development [14]. On the other hand, p107 and p130 knock-out mice develop normally, suggesting that p107 and p130 cannot perform all the functions of RB [15,16,17]. While RB is mostly known as a transcriptional repressor with respect to cell cycle control, this tumor suppressor has also been shown to play a role in the transcriptional regulation of genes involved in apoptosis, differentiation, stem cell biology, and cell adhesion [18,19,20,21]. RB also undergoes a number of post-translational modifications in addition to phosphorylation, such as ubiquitylation, SUMOlatyon, methylation, and acetylation [22,23]. Finally, RB performs non-transcriptional cellular functions to maintain genome stability and, with few exceptions, p107 and p130 do not seem to play a role in these functions [24].



The E2F family of transcription factors is the main target of the pocket protein family of transcriptional repressors [25,26]. The E2F family comprises eight members (E2F1-8); E2F1, E2F2, and E2F3 are associated with transcriptional activation and are targets for RB. E2F4 and E2F5 are transcriptional repressors and the targets for p107 and p130, while E2F6, E2F7, and E2F8 are transcriptional repressors independent of RB [25,26]. The best-characterized member of the E2F family is the E2F1 transcription factor, which is often amplified in human cancers (cBioPortal for Cancer Genomics). E2F1 has important roles not only in the transcription of cell cycle regulation genes, but also in the induction of apoptosis [26,27,28]. E2F1 is phosphorylated by the Ataxia telangiectasia mutated (ATM) and ATM Rad3-related (ATR) kinases after the induction of DNA double strand breaks (DSB) and UV damage [29,30]. This phosphorylation site is not conserved in the other members of the E2F family. Importantly, this phosphorylation site is critical for a non-transcriptional function of E2F1 in the repair of these types of DNA lesions, thus like RB, E2F1 has non-transcriptional functions guarding genome stability [28,31,32,33].



Genomic instability refers to a state in which cells accumulate increased levels of genetic changes, which further increases the probability of multiple alterations that could result in tumorogenesis. Genomic instability is a hallmark of cancer and is associated with increased tumor heterogeneity, poor prognosis, and increased risk of therapy resistance [34,35]. The loss, inactivation, or errors in DNA repair pathways, increased replication stress, loss of cell cycle checkpoints, improper chromosome segregation, impaired apoptotic signaling, among others, are some of the challenges that threaten genome stability. Recent work identified new, non-transcriptional roles for RB in maintaining genome stability, which could help explain some of the phenotypes observed in RB-deficient cells and contribute to RB tumor suppressor function. In this review we will discuss recent findings describing new functions for RB in fighting back against genomic instability.




2. Retinoblastoma (RB) Role in Double Strand Breaks (DSB) Repair


A plethora of agents and processes constantly challenge the integrity of the genetic material and defects in DNA repair very often result in genomic instability [35,36]. DSBs are among the most toxic and mutagenic types of DNA damage. Blocks to DNA replication, conflicts between transcription and replication machineries, or imbalances in nucleotide pools can induce replication fork arrest or stalling, which could result in DSBs [36]. Moreover, ionizing radiation (IR) and many other forms of cancer treatments kill cells by inducing DSBs [37]. DSBs are repaired mainly by two different pathways in human cells; homologous recombination (HR) and non-homologous end joining (NHEJ) [38,39]. HR uses a sister chromatid as a template to repair DSBs and therefore occurs primarily at late stages of S phase and during the G2 phase of the cell cycle. Because HR uses a sister chromatid as a template, this pathway is thought to be less mutagenic [38]. NHEJ mainly consists of the enzymatic ligation of broken DNA ends and is highly mutagenic [39,40]. Indeed, loss of the HR pathway itself results in increased chromosomal abnormalities and genomic instability due to the overuse of NHEJ [40,41]. HR-deficient cells are also sensitive to chemotherapeutic agents that damage DNA and specifically to poly(ADP-ribose) polymerase inhibitors (PARPi) [37,42,43]. This particular vulnerability is being exploited in the treatment of ovarian cancers with mutations in the breast cancer susceptibility genes (BRCA1 and BRCA2) and other HR-deficient cancers.



DSBs are first recognized by the MRE11-RAD50-NBS1 (MRN) complex and the ATM kinase [44]. If the break occurs during the S/G2 phases of the cell cycle and a sister chromatid is available as a template, the break could be repaired through HR. During HR, the DSB undergoes a nuclease-driven process known as DNA end resection in order to generate 3’-end single-stranded DNA (ssDNA) regions that are important for homology search and strand invasion later during the recombination process (Figure 1a). DNA end resection is initiated by the MRE11 nuclease within the MRN complex together with the CtIP nuclease [45]. These ssDNA regions are coated by RPA and this RPA-coated structure recruits and activates the ATR kinase, which in turn activates the Chk1 kinase [46]. This repair pathway is known to require chromatin remodelers, modifiers, and even the incorporation of histone variants in order to deal with the barrier that nucleosomes pose to the resection machinery [47,48].


Figure 1. (a) The homologous recombination (HR) repair pathway involves multiple steps: (1) double strand breaks (DSB) recognition by the MRE11-RAD50-NBS1 (MRN) complex and the Ataxia telangiectasia mutated (ATM) kinase; (2) the CtIP nuclease is recruited to the DSB to initiate DNA end resection; (3) the replication protein A (RPA) coats the single-stranded DNA (ssDNA) regions and activates the ATM RAD3-related (ATR) kinase; (4) the breast cancer susceptibility gene 2 (BRCA2) protein mediates the replacement of RPA by the RAD51 recombinase, which will catalyze the homology search and the progression of HR; (b) RB is recruited to DSB through the TopBP1-E2F1-RB complex, which recruits the BRG1 ATPase. BRG1 stimulates DNA end resection and HR by reducing the nucleosome density at the break site. In the absence of RB, there is no decrease in nucleosome density at the break site, which impairs DNA end resection, HR, and promotes genomic instability.
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We recently showed that RB is recruited to DSBs and that RB-deficient cells display a defect in DNA end resection and HR [32]. These DNA repair defects were also observed in E2F1-deficient cells [32,49]. We identified a novel complex containing TopBP1-E2F1-RB-BRG1, which recruits BRG1 to DSBs and stimulates DNA end resection likely by decreasing the nucleosome density at the site of the break (Figure 1b). The formation of this complex requires the phosphorylation of E2F1 on serine 31 (serine 29 in mouse E2F1) by the ATM kinase [29,32]. This phosphorylated form of E2F1 is recognized by the TopBP1 protein, which in turn recruits E2F1 to DSBs [32,50]. TopBP1 is a DNA repair protein important for the activation of the ATR kinase and DNA replication. TopBP1 contains nine BRCA1 C terminal (BRCT) domains that interact with a variety of phosphorylated proteins [50,51]. The sixth BRCT domain of TopBP1 interacts with phosphorylated E2F1 [32,50,51,52]. RB plays a stabilizing role within this complex by shielding phosphorylated E2F1 from proteasomal degradation, as previously observed under different conditions [32,53,54,55]. RB-deficient cells display increased levels and slower clearance of γH2AX nuclear foci, consistent with a DNA repair defect. RB-deficient cells also display decreased levels of DNA end resection and ATR activation, increased levels of chromosomal abnormalities after IR, and sensitivity to chemotherapeutic agents including PARPi, all of which is consistent with a defect in HR. We observed the same DNA repair defects in mouse embryonic fibroblasts (MEFs) from the E2f1S29A/S29A knock-in mouse model developed by our laboratory [33]. Moreover, the E2f1S29A/S29A mice are sensitive to IR, indicating that this repair function for RB and E2F1 has real physiological consequences in mice, given that transcriptome analysis showed only subtle transcriptional differences between wild type and E2f1S29A/S29A MEFs [32,33].



This novel function for RB in HR represents an important extension of previous work from our laboratory showing that E2F1 plays a role in the repair of DSBs [49]. Moreover, it raises new questions as we have also shown that either the absence of E2F1 or the presence of the E2f1S29A/S29A mutation results in a defect in the repair of UV-induced DNA damage and the E2f1S29A/S29A mouse is susceptible to UV-induced skin cancer [33,56,57]. Since both UV and IR induce the phosphorylation of E2F1 on serine 31, it would be of interest to determine whether RB also stabilizes phosphorylated E2F1 after UV, as it does after IR [32]. A few studies have shown a potential role for RB in the repair of UV damage through either the transcription or stabilization of repair factors, but clear mechanistic study addressing this question would be of interest [58,59]. There are differences and similarities in the mechanism of E2F1 in the repair of UV lesions and DSBs. E2F1 stimulates the repair of UV photoproducts through the recruitment of the GCN5 HAT to sites of damage, which increases histone H3 lysine 9 acetylation (H3K9ac) and enhances the recruitment of the nucleotide excision repair (NER) factors to the damage sites [33,56,57]. In the case of DSB, E2F1, together with RB, recruits the SWI/SNF BRG1 ATPase to DSBs and BRG1 remodels chromatin at the break site, thus allowing the initiation of DNA end resection [32]. Recent studies have shown that BRG1 is important for DNA end resection in yeast [60] and that the removal of nucleosomes during DNA end resection is likely important for the efficiency of the process [61]. It is important to note that in a way, RB and E2F1 are using their “canonical functions,” since both of these factors interact with these chromatin remodelers or modifiers in the context of transcription [62,63]. Independently of the repair pathway, RB and E2F1 are being shared by the transcription and repair machineries to capitalize on the capacity of these factors to recruit chromatin modifiers and remodelers to damage sites and thus stimulate the repair process [31,64]. It may seem counterintuitive to think of RB as a repressor and yet opening up chromatin to help the repair process, but it is important to remember that both RB and BRG1 have been shown to participate in transcriptional activation and repression [18,20]. This mechanism of recruitment of chromatin remodelers and modifiers to DSBs is just one, likely among many others. These chromatin remodelers and modifiers can also be recruited through a variety of additional interactions with other repair proteins to damage sites as well.



The NHEJ pathway repairs the majority of DSBs in human cells as it is faster, albeit less accurate, than HR [39,40]. During NHEJ, the DSBs are recognized by the KU70–KU80 heterodimer, followed by the stabilization of the NHEJ machinery at the break site, the bridging of the DNA ends, activation of the DNA-dependent protein kinase (DNA-PK), end processing (if needed), and finally the ligation of the DNA ends by DNA ligase 4 [65]. A proteomic analysis showed that RB, p107, and p130 interact with both KU70 and KU80 and the inactivation of either RB or the three members of the pocket protein family resulted in a NHEJ defect [66]. This study also showed that the inactivation of RB results in increased chromosomal abnormalities and higher levels of γH2AX after IR. The authors proposed that the physical interaction between the N terminal of RB (or the other pocket protein family members) is important for efficient NHEJ. Whether RB is recruiting a chromatin remodeler or modifier to break sites in the case of NHEJ is unknown and should be addressed in the future. It is possible that the role RB plays in NHEJ may be a purely physical one, as a platform for protein–protein interactions. While there are multiple reports of chromatin remodelers and modifiers affecting NHEJ [67,68,69], there is likely much more need for chromatin remodeling during HR because the DNA ends need to be processed by nucleases and the nucleosome impedes such processing [47,61,70]. Future studies should address how exactly RB is contributing to NHEJ.



It seems that RB contributes to both DSB repair pathways, HR and NHEJ [32,66]. RB is thought as “active” (hypophosphorylated RB) and associated to E2F1 during G1, the phase when NHEJ would take place. E2F1 was not, however, detected in the RB-KU70-KU80 complex likely due to the fact that the authors used an N terminal fragment of RB for their interaction studies [66]. This raises the question of whether E2F1 would play a role in NHEJ. There are two important points to take into account regarding the phosphorylation state of RB at a given phase of the cell cycle; first, this state could change quickly upon DNA damage; second, it is likely that there are several pools of RB that could undergo different post-translational modifications and exist within different complexes simultaneously [23]. Indeed, we observed a strong association between E2F1 and RB after IR [32]. Future studies should address which form of RB and E2F1 are mediating these non-canonical functions for these transcription factors, also taking into consideration that in addition to phosphorylation, these proteins are also acetylated and methylated upon DNA damage [71,72,73,74,75].




3. RB Role Silencing Repetitive Sequences


Repetitive DNA sequences comprise a large part of the genomic material (approximately 50% in higher eukaryotes) [76]. These repetitive sequences can be found at satellite DNA (i.e., centromeric and pericentromeric regions), transposable elements, and telomeres [77,78]. Because of where these sequences are found and their structural role in these regions, these sequences must be maintained transcriptionally repressed through a heterochromatic state [78]. Histone modifications and DNA methylation are the mechanisms by which these regions are kept repressed. These regions are characterized by overall hypoacetylation of histones and an increase in repressive marks such as H3K9me3, H4K20me3, and H3K27me3, which are required for the maintenance of these structures [77,78,79]. Loss of this heterochromatic state can result in chromosomal segregation defects, chromosome instability (CIN), illegitimate recombination events, and transposable element-induced genetic alterations [79].



Recently, RB was identified as an important partner of the EZH2 methyltransferase during H3K27me3 deposition in repetitive sequences [80]. ChIP-seq analysis showed that RB was localized to a large extent to repetitive regions and its localization to these regions requires E2F1. The authors found that the majority of RB and E2F1 was bound to intronic and intergenic regions (>95%) and specifically to multiple types of transposable elements, such as short interspersed nucleotide elements (SINE), long terminal retroviruses (LTR), and long-interspersed nucleotide elements (LINE) [80]. The localization of RB and E2F1 to these regions was enriched in arrested cells, but also occurred in proliferating cells. Ishak et al. used a mouse model with an RB mutation (F832A, termed Rb1S) that impaired the specific interaction between E2F1 and the C terminal of RB [80]. This particular interaction between E2F1 and RB does not occur through the “pocket domains” of RB and is thought of as “non-canonical.” This interaction is also resistant to RB hyperphosphorylation and thus it is thought not to play a role in cell cycle regulation [81,82]. Both Rb1S/S and Rb1−/− MEFs showed loss of EZH2 recruitment and H3K27me3 at repetitive sequences and failed to silence these repetitive regions [80]. On the other hand, H3K9me3 and H4K20me3 distribution on repetitive regions was unaffected in Rb1S/S MEFs, even though a modest increase in H3K9 acetylation of repetitive regions was observed in these cells. In order to assess the physiological consequences of this novel RB function, the authors aged Rb1S/S mice and discovered that these mice had shorter cancer-free survival and developed lymphomas. Moreover, analysis of these tumors in Rb1S/S mice showed increased expression levels of these repetitive regions, thus suggesting that this repetitive region silencing function is important for the tumor suppressor activity of RB [80].



It is interesting that this novel RB function in silencing repetitive sequences also depends on E2F1. It would be of interest to determine in the future how does E2F1 (or RB) recognize these repetitive regions. Of note, while the Rb1S/S mice displayed this defect, mutations of other important domains of RB had no effect on this function; mutation of the domain that interacts with the transactivation domain of E2F proteins had no effect in the silencing of this region and neither did mutation of the LXCXE domain, which interacts with multiple transcriptional regulators. This mechanism for recruitment of EZH2 to repetitive regions may not be the only one. The repression of repetitive regions is very important during development and defects usually prevent embryonic development before the implantation stage, which is not the case for Rb1S/S or Rb1−/− mice [14]. On the other hand, the fact that Rb1S/S mice develop lymphomas resembles the phenotype of E2f1−/− mice, which develop lymphomas at a similar age [83].




4. RB Role in Telomere Maintenance


Telomeres are complex structures at the end of chromosomes that are composed of long stretches of repetitive DNA with a particular chromatin structure and enveloped by a specialized group of proteins known as the shelterin complex. This complex protects telomeres and avoids chromosome ends being mistaken for a broken DNA end [84]. Telomeres are extended by the telomerase complex and the absence of telomerase causes progressive attrition of chromosome ends finally resulting in the loss of genetic material, chromosomal fusions and translocations, and replicative senescence and/or cell death [84]. Moreover, a defect in any of the sheltering components or changes in chromatin structure at the telomeres could result in faster telomere attrition, which eventually will lead to chromosome end-to-end fusion, resulting in dicentric chromosomes, missegregation defects and genomic instability [84].



Multiple studies have linked RB to telomere biology [85,86,87,88]. One study linked RB and the pocket protein family members to telomere length [85]. This study showed that genetic inactivation of p107 and p130 (DKO, double knock-out cells) or RB, p107, and p130 (TKO, triple knock-out cells) resulted in elongated telomeres [85]. This study unfortunately did not provide a mechanistic explanation for the elongation of telomeres in the DKO and TKO cells, but it showed that RB was not the main contributor since Rb1−/− cells showed normal length telomeres. This is one example in which all members of the pocket protein family seem to have overlapping roles and to functionally compensate for each other to control a specific function.



Another study from the same group showed that TKO cells display a defect in global heterochromatin maintenance specifically at telomeres and centromeres, and a centromere structure defect [86,88]. The authors showed that the global levels of H4K20me3 and DNA methylation were reduced in TKO cells [86]. This was accompanied by an increase in the global levels of histone H3 acetylation. Histone H4K20me3 is particularly enriched at centromeres and telomeres, but this enrichment was not observed in TKO cells. None of the single knock-out cells displayed this defect, indicating that there is functional compensation between pocket protein family members in this respect. Moreover, the authors used an E2F1 mutant that does not interact with RB (E2F1-DB, which has an E2F1 transactivation domain deletion) and showed that expression of E2F1-DB in wild type cells did not result in these heterochromatin formation defects. It is worth noting that the E2F1-DB mutant is thought of mostly as a dominant negative for the transcriptional function of RB, as it would compete out E2F1 transcriptional binding sites, but it is unclear what effect (if any) it would have with respect to non-transcriptional functions of RB and E2F1. Finally, this study showed that the RB protein family interacts with Suv4-20h1 and, to a lesser extent, with Suv4-20h2, the enzymes that methylate H4K20 but that RB was not required for the recruitment of these enzymes to the repetitive regions. The authors proposed that the RB family is important for the maintenance of global heterochromatin structure, including telomeres and centromeres, by somehow stabilizing H4K20me3. This defect with lower H4K20me3 in TKO cells could potentially explain the abnormally long telomeres in these cells [85,88].



Telomeres represent a protective mechanism from the dangers of genomic instability that arise due to the sensitive nature of chromosome ends [84,89]. A defect in telomere maintenance or stability could have dire consequences in genome stability and could contribute to the tumor suppressor function of RB.




5. RB Role in Centromere Structure and Chromosome Instability (CIN)


Centromeres are structures on the chromosomes where sister chromatids and spindle apparatus attach. Centromeres consist of repetitive sequences where condensin proteins can be found and possess a heterochromatic structure [90]. Defects in centromere structure can lead to poor sister chromatid attachment, which could result in chromosome missegregation and aneuploidy, or chromosomal breakage and chromosomal loss, known as chromosomal instability (CIN). CIN is a form of genomic instability and is a characteristic of many cancers with poor prognosis and likely to develop therapy resistance [91].



A number of studies linked RB to centromere structure and CIN [88,92,93]. Gonzalo et al. described “butterfly chromosomes” and aberrant centromeres and linked them to a defect in H4K20me3 at centromeres and telomeres in TKO MEFs [86,88]. Later, Manning et al. did a careful analysis of centromere function in RPE-1 cells knocked down for RB [94]. This study showed that the loss of RB caused frequent missegregation of whole chromosomes [94]. This phenotype was caused by an underlying defect in centromere structure that decreased centromere rigidity and did not allow for proper kinetochore-microtubule attachment. The basis for this defect was a premature loss of sister chromatid cohesion in RB-depleted cells. Performing an elegant set of experiments, the authors determined that this centromere problem stemmed from a defective loading of the condensin II complex (CAP-D3) onto chromatin in the absence of RB. Drosophila RB (RBF1) had been shown to interact with the condensin II protein dCAP-D3 through the LXCXE domain of RB and promote its association with chromatin [95]. Manning et al. noted that the inactivation of RB is “a subtle enemy during tumorogenesis because it reduces the fidelity of mitosis without causing more dramatic changes that would compromise cell proliferation” [94]. This is an important consideration, not only for this function of RB, but also for other functions in repair as well. Subtle defects in these functions guarding genome stability allow the cells to propagate with an increasing number of genetic changes, some of which could render the cell malignant and/or resistant to therapy.



In a different study, RB-depleted cells were also found to have a problem in chromatin compaction, in addition to the chromosome cohesion [96]. This defect in chromatin compaction and cohesion was explained by lower levels of chromatin-bound cohesin proteins (SMC1/3). Since there is not a link between cohesin-loading and RB, the authors explored whether chromatin modifications could affect the enrichment of cohesins on pericentromeric regions. This study [96], in agreement with a previous study [86], showed that the deposition of H4K20me3 was important for restoring normal levels of chromatin-bound cohesin and reversing the chromatin-compaction and cohesion defect. Importantly, this study showed that over expression of Suv4-20h2 could correct the chromatin compaction, cohesion, and chromosome segregation problem observed in the absence of RB [96]. The finding that H4K20me3 is the main cause of CIN in the absence of RB could potentially open therapeutic opportunities to reverse or decrease CIN in certain cancers, given that RB is lost at a high frequency in many cancer types. This study also found that the absence of RB caused problems such as increased DNA damage and slow and stressed replication forks, which could also result in genomic instability and has been reported in multiple studies [32,66,96,97].



The importance of the role of RB in CIN through its control of chromatin cohesion and compaction has also been studied in vivo using mouse models. Coschi et al. took advantage of the reported interaction between the LXCXE domain of RB and the condensin II subunit CAP-D3 to test whether the impairment of this interaction contributed to tumorogenesis and genomic instability [98,99]. The authors used a previously developed mouse model with the mutated RB LXCXE domain (known as Rb1ΔL/ΔL) [99]. This domain is important for the interaction between RB and many chromatin-interacting proteins, remodelers, and modifiers including CAP-D3 [95,99]. Coschi et al. showed that Rb1ΔL/ΔL cells display a centromere defect and that this defect was unrelated to the cell cycle control effects that the absence of RB could cause since they were present in Rb1ΔL/ΔL mouse embryonic stem cells (mESC, which lack the capacity to arrest cell cycle at G1) and MEFs (which can be arrested in G1) [98]. Rb1ΔL/ΔL cells also showed a chromosome condensation delay and reduced levels of condensin II on chromatin when compared to wild type cells. More importantly, the authors tried to determine the effect that this chromosome segregation defect would have in tumorogenesis by crossing Rb1ΔL/ΔL mice with Trp53−/− mice. Since the Rb1ΔL mutation and Trp53 deletion both impair G1 arrest after DNA damage; a comparison between Rb1ΔL/ΔL; Trp53−/− vs. Trp53−/− mice would interrogate the contribution of the mitotic function of RB to tumorogenesis [100,101]. The authors found that Rb1ΔL/ΔL; Trp53−/− mice had a shortened tumor-free survival when compared to Trp53−/− mice [98]. More importantly, they also found that the tumors of Rb1ΔL/ΔL; Trp53−/− mice were more aggressive than those of Trp53−/− mice. Finally, in order to test the effect that the Rb1ΔL mutation may have in genomic instability, the authors crossed Rb1ΔL/ΔL with Trp53+/− mice. Since Trp53+/− mice develop a similar spectrum of tumors to Trp53−/− mice and the limiting step is thought to be the loss of heterozygosity event of the wild type Trp53 allele, these mice have been used as a measure of genomic instability. The authors found that Rb1ΔL/ΔL; Trp53+/− mice had a shorter tumor-free survival than Trp53+/− mice and that these tumors had lost the wild type Trp53 allele, thus indicating that the Rb1ΔL/ΔL mutation results in genomic instability.




6. Conclusions


RB was the first tumor suppressor identified and is mostly known for its central role as a negative regulator of cell cycle progression [1,10,34]. While it is clear that the role RB plays in cell cycle control is important for its tumor suppressor function, studies have found that this tumor suppressor and its multiple protein partners are also involved in many other cellular processes that could also contribute to tumor suppression [9,88,92,102]. Many of these non-canonical functions ascribed to RB are related to genomic instability, a hallmark of cancer associated with poor prognosis, tumor heterogeneity and the development of therapy resistance [35,103]. We have discussed here a variety of non-canonical functions for RB in DNA repair, chromosome condensation and cohesion, centromere and telomere structure, and the silencing of transposable elements (Figure 2). There are also a number of other functions, albeit transcriptional in nature, that are unrelated to cell cycle control and have been described elsewhere [18,19,20,104,105,106]. The uncovering of these non-canonical functions is of critical importance because they cannot only help us understand how RB deficiency results in tumorogenesis, but they could also help us develop therapies against retinoblastomas and other RB-deficient cancers.


Figure 2. Retinoblastoma (RB) plays important roles in multiple processes unrelated to cell cycle control which, when defective, promote genomic instability.
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The inactivation of RB in cancers can occur in multiple ways. First, genetic somatic alterations of the RB1 gene can occur and germ line mutations result in retinoblastomas. But the RB pathway itself can be inactivated in various ways as well, for instance, over expression of the cyclin D, CDK4, or CDK6, all of which phosphorylate and “inactivate” RB [4,5,107]. Furthermore, the silencing or deletion of the CDK inhibitor p16 also results in a functional inactivation of the RB pathway [11,108]. Finally, there is also the inactivation of the RB pathway by interaction with viral proteins [109]. How all these different mechanisms of deregulating the RB pathway affect the multiple non-canonical functions of RB in DNA repair, silencing of repetitive regions, centromere and chromosome structure, and others is currently unknown and should be investigated in the future.



We should not assume that the phosphorylation of RB would de facto mean that the protein is inactivated, especially in some cases where RB is thought of as playing a structural role as a protein platform mediating protein interactions. Given that RB undergoes multiple post-translational modifications upon different stimuli and it seems to be part of multiple protein complexes, special attention should be paid to the particular form of RB contained within different complexes. For instance, the TopBP1-E2F1-RB-BRG1 complex that we identified as important for HR contains phosphorylated E2F1 on serine 31, but we do not know currently which form of RB is contained within this complex [32]. RB is phosphorylated, methylated, and acetylated after DNA damage and it is therefore critical for us to understand whether particular post-translational modification may be important for specific functions [4,22,74,110,111].



The E2F1 transcription factor is one of the main partners of RB and important for some of the non-canonical functions of RB [32,80]. Not every study that identifies a novel, non-canonical function for RB addresses whether E2F1 also plays a role in such functions. Given the strong and continuous interaction between RB and E2F1, it should not be surprising that E2F1 co-operates with RB in multiple functions. The knock-out mouse models, however, show that RB has essential functions during development, while E2F1 does not [14,15]. It is possible that some of the eight other members of the E2F family could compensate for the absence of E2F1 in some instances. Future studies should always keep in mind the potential contribution of E2F1 to any potential RB function. E2F1 also undergoes multiple post-translational modification such as phosphorylation, methylation and acetylation and, with few exceptions, it is not known how these modifications affect E2F1 non-canonical functions [32,33,49,56,57,112]. Similarly, the other members of the pocket protein family should be considered while addressing novel functions for RB. While these proteins clearly cannot compensate functionally for the loss of RB during development, there are other functions that these proteins may be able to perform. For example, many of the defects in centromere structure and telomere maintenance were first observed in TKO cells and there was no observable defects in single knock-out cell lines [66,85,86,97].



Finally, it is very important to notice the subtleties of the defects observed in RB-deficient cells and the potential consequences that such modest defects in multiple processes could have on cellular transformation. In some cases, the subtle defects observed in these studies may be due to the imperfect system we employ by using shRNAs, which fail to deplete the protein of interest completely. This problem will soon be overcome with the advent of CRISPR/Cas9 technologies for gene editing. In other cases the small defects could arise due to compensating functions by other pocket protein family members. In any case, small or subtle defects are important because they can allow a cell to continue to propagate and accumulate genetic changes or lesions that could contribute to therapy resistance, for instance. It is also important to recognize that these non-canonical functions of RB may only constitute one mechanism for such a function among many. For instance, in the case of RB recruiting BRG1 to DSBs it is possible that there are other mechanisms by which this SWI/SNF complex may be recruited to DSBs. Indeed, other subunits of this complex interact with repair factors and those interactions are reported to be important for SWI/SNF recruitment to DSBs [113,114]. It is also possible that not every break requires chromatin remodeling to the same extent, and that may be why the defect is somewhat subtle. Another example is the silencing of repetitive sequences, a process that is absolutely critical during development at the pre-implantation stage. RB knock-out mice develop past this point, thus suggesting that the silencing of these regions occurs through another mechanism during development.



With the development of more sensitive methods to identify particular complexes and the post-translational modifications of the components of such complexes, these and more functions of RB in specific processes will be identified. Similarly, the development of imaging methods will allow us to identify the localization of modified RB and how that may change upon stimuli. All this information will help us build a better picture detailing the etiology of retinoblastomas and other RB-deficient cancers and allow us to develop new therapies.
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	RB
	Retinoblastoma



	CDK
	Cyclin-dependent kinases



	PP1
	Protein phosphatase 1



	HAT
	histone acetyltransferases



	HDAC
	Histone deacetylase



	BRCA1
	Breast cancer susceptibility gene 1



	RPA
	Replication protein A



	ATM
	Ataxia telangiectasia mutated kinase



	ATR
	Ataxia telangiectasia RAD3-related kinase



	DSB
	DNA double strand breaks



	IR
	Ionizing radiation



	HR
	Homologous recombination



	NHEJ
	Non-homologous end joining



	PARPi
	Poly (ADP-ribose) polymerase inhibitors



	MRN
	MRE11-RAD50-NBS1 complex



	ssDNA
	Single-stranded DNA



	Chk1
	Checkpoint kinase 1



	BRCT
	BRCA1 C terminal domain



	MEF
	Mouse embryonic fibroblasts



	NER
	Nucleotide excision repair



	DNA-PK
	DNA protein kinase



	DKO
	Double knock-out (p107−/−; p130−/−)



	TKO
	Triple knock-out (RB−/−;p107−/−; p130−/−)



	CIN
	Chromosome instability







References


	1. 
Dick, F.A.; Rubin, S.M. Molecular mechanisms underlying RB protein function. Nat. Rev. Mol. Cell Biol. 2013, 14, 297–306. [Google Scholar] [CrossRef] [PubMed]

	2. 
Chinnam, M.; Goodrich, D.W. RB1, development, and cancer. Curr. Top. Dev. Biol. 2011, 94, 129–169. [Google Scholar] [PubMed]

	3. 
Van Den Heuvel, S.; Dyson, N.J. Conserved functions of the pRB and E2F families. Nat. Rev. Mol. Cell Biol. 2008, 9, 713–724. [Google Scholar] [CrossRef] [PubMed]

	4. 
Burke, J.R.; Deshong, A.J.; Pelton, J.G.; Rubin, S.M. Phosphorylation-induced conformational changes in the Retinoblastoma Protein Inhibit E2F Transactivation Domain Binding. J. Biol. Chem. 2010, 285, 16286–16293. [Google Scholar] [CrossRef] [PubMed]

	5. 
Buchkovich, K.; Duffy, L.A.; Harlow, E. The retinoblastoma protein is phosphorylated during specific phases of the cell cycle. Cell 1989, 58, 1097–1105. [Google Scholar] [CrossRef]

	6. 
Narasimha, A.M.; Kaulich, M.; Shapiro, G.S.; Choi, Y.J.; Sicinski, P.; Dowdy, S.F. Cyclin D activates the RB tumor suppressor by mono-phosphorylation. Elife 2014, 3. [Google Scholar] [CrossRef] [PubMed]

	7. 
Kolupaeva, V.; Janssens, V. PP1 and PP2A phosphatases--cooperating partners in modulating retinoblastoma protein activation. FEBS J. 2013, 280, 627–643. [Google Scholar] [CrossRef] [PubMed]

	8. 
Morris, E.J.; Dyson, N.J. Retinoblastoma protein partners. Adv. Cancer Res. 2001, 82, 1–54. [Google Scholar] [PubMed]

	9. 
Dyson, N.J. RB1: A prototype tumor suppressor and an enigma. Genes Dev. 2016, 30, 1492–1502. [Google Scholar] [CrossRef] [PubMed]

	10. 
Friend, S.H.; Bernards, R.; Rogelj, S.; Weinberg, R.A.; Rapaport, J.M.; Albert, D.M.; Dryja, T.P. A human DNA segment with properties of the gene that predisposes to retinoblastoma and osteosarcoma. Nature 1986, 323, 643–646. [Google Scholar] [CrossRef] [PubMed]

	11. 
Sherr, C.J.; McCormick, F. The RB and p53 pathways in cancer. Cancer Cell 2002, 2, 103–112. [Google Scholar] [CrossRef]

	12. 
Yamasaki, L.; Bronson, R.; Williams, B.O.; Dyson, N.J.; Harlow, E.; Jacks, T. Loss of E2F-1 reduces tumorigenesis and extends the lifespan of RB1(+/−)mice. Nat. Genet. 1998, 18, 360–364. [Google Scholar] [CrossRef] [PubMed]

	13. 
Knudsen, E.S.; Knudsen, K.E. Tailoring to RB: Tumour suppressor status and therapeutic response. Nat. Rev. Cancer 2008, 8, 714–724. [Google Scholar] [CrossRef] [PubMed]

	14. 
Jacks, T.; Fazeli, A.; Schmitt, E.M.; Bronson, R.T.; Goodell, M.A.; Weinberg, R.A. Effects of an RB mutation in the mouse. Nature 1992, 359, 295–300. [Google Scholar] [CrossRef] [PubMed]

	15. 
Lin, S.C.; Skapek, S.X.; Lee, E.Y. Genes in the RB pathway and their knockout in mice. Semin. Cancer Biol. 1996, 7, 279–289. [Google Scholar] [CrossRef] [PubMed]

	16. 
Lee, M.H.; Williams, B.O.; Mulligan, G.; Mukai, S.; Bronson, R.T.; Dyson, N.; Harlow, E.; Jacks, T. Targeted disruption of p107: Functional overlap between p107 and Rb. Genes Dev. 1996, 10, 1621–1632. [Google Scholar] [CrossRef] [PubMed]

	17. 
Sage, J.; Mulligan, G.J.; Attardi, L.D.; Miller, A.; Chen, S.; Williams, B.; Theodorou, E.; Jacks, T. Targeted disruption of the three RB-related genes leads to loss of G(1) control and immortalization. Genes Dev. 2000, 14, 3037–3050. [Google Scholar] [CrossRef] [PubMed]

	18. 
Ianari, A.; Natale, T.; Calo, E.; Ferretti, E.; Alesse, E.; Screpanti, I.; Haigis, K.; Gulino, A.; Lees, J.A. Proapoptotic function of the retinoblastoma tumor suppressor protein. Cancer Cell 2009, 15, 184–194. [Google Scholar] [CrossRef] [PubMed]

	19. 
Sage, J. The retinoblastoma tumor suppressor and stem cell biology. Genes Dev. 2012, 26, 1409–1420. [Google Scholar] [CrossRef] [PubMed]

	20. 
Flowers, S.; Beck, G.R.; Moran, E. Transcriptional activation by pRB and its coordination with SWI/SNF recruitment. Cancer Res. 2010, 70, 8282–8287. [Google Scholar] [CrossRef] [PubMed]

	21. 
Engel, B.E.; Cress, W.D.; Santiago-Cardona, P.G. The retinoblastoma protein: A master tumor suppressor acts as a link between cell cycle and cell adhesion. Cell. Health Cytoskelet. 2015, 7, 1–10. [Google Scholar] [PubMed]

	22. 
Munro, S.; Carr, S.M.; La Thangue, N.B. Diversity within the pRb pathway: Is there a code of conduct? Oncogene 2012, 31, 4343–4352. [Google Scholar] [CrossRef] [PubMed]

	23. 
MacDonald, J.I.; Dick, F.A. Posttranslational modifications of the retinoblastoma tumor suppressor protein as determinants of function. Genes Cancer 2013, 3, 619–633. [Google Scholar] [CrossRef] [PubMed]

	24. 
Zheng, L.; Lee, W.-H. Retinoblastoma tumor suppressor and genome stability. Adv. Cancer Res. 2002, 85, 13–50. [Google Scholar] [PubMed]

	25. 
Trimarchi, J.M.; Lees, J.A. Sibling rivalry in the E2F family. Nat. Rev. Mol. Cell Biol. 2002, 3, 11–20. [Google Scholar] [CrossRef] [PubMed]

	26. 
Degregori, J.; Johnson, D.G. Distinct and overlapping roles for E2F family members in transcription, proliferation and apoptosis. Curr. Mol. Med. 2006, 6, 739–748. [Google Scholar] [CrossRef] [PubMed]

	27. 
Polager, S.; Ginsberg, D. E2F—At the crossroads of life and death. Trends Cell Biol. 2008, 18, 528–535. [Google Scholar] [CrossRef] [PubMed]

	28. 
Biswas, A.K.; Johnson, D.G. Transcriptional and nontranscriptional functions of E2F1 in response to DNA damage. Cancer Res. 2012, 72, 13–17. [Google Scholar] [CrossRef] [PubMed]

	29. 
Lin, W.C.; Lin, F.T.; Nevins, J.R. Selective induction of E2F1 in response to DNA damage, mediated by ATM-dependent phosphorylation. Genes Dev. 2001, 15, 1833–1844. [Google Scholar] [PubMed]

	30. 
Wang, B.; Liu, K.; Lin, F.-T.; Lin, W.-C. A role for 14-3-3 tau in E2F1 stabilization and DNA damage-induced apoptosis. J. Biol. Chem. 2004, 279, 54140–54152. [Google Scholar] [CrossRef] [PubMed]

	31. 
Velez-Cruz, R.; Johnson, D.G. E2F1 and p53 Transcription factors as accessory factors for nucleotide excision repair. Int. J. Mol. Sci. 2012, 13, 13554–13568. [Google Scholar] [CrossRef] [PubMed]

	32. 
Velez-Cruz, R.; Manickavinayaham, S.; Biswas, A.K.; Clary, R.W.; Premkumar, T.; Cole, F.; Johnson, D.G. RB localizes to DNA double-strand breaks and promotes DNA end resection and homologous recombination through the recruitment of BRG1. Genes Dev. 2016, 30, 2500–2512. [Google Scholar] [CrossRef] [PubMed]

	33. 
Biswas, A.K.; Mitchell, D.L.; Johnson, D.G. E2F1 responds to ultraviolet radiation by directly stimulating DNA repair and suppressing carcinogenesis. Cancer Res. 2014, 74, 3369–3377. [Google Scholar] [CrossRef] [PubMed]

	34. 
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [Google Scholar] [CrossRef] [PubMed]

	35. 
Andor, N.; Maley, C.C.; Ji, H.P. Genomic instability in cancer: Teetering on the limit of tolerance. Cancer Res. 2017, 77, 2179–2185. [Google Scholar] [CrossRef] [PubMed]

	36. 
Tubbs, A.; Nussenzweig, A. Endogenous DNA damage as a source of genomic instability in cancer. Cell 2017, 168, 644–656. [Google Scholar] [CrossRef] [PubMed]

	37. 
O’Connor, M.J. Targeting the DNA damage response in cancer. Mol. Cell 2015, 60, 547–560. [Google Scholar] [CrossRef] [PubMed]

	38. 
Jasin, M.; Rothstein, R. Repair of strand breaks by homologous recombination. Cold Spring Harb. Perspect. Biol. 2013, 5, a012740. [Google Scholar] [CrossRef] [PubMed]

	39. 
Davis, A.J.; Chen, D.J. DNA double strand break repair via non-homologous end-joining. Transl. Cancer Res. 2013, 2, 130–143. [Google Scholar] [PubMed]

	40. 
Bunting, S.F.; Nussenzweig, A. End-joining, translocations and cancer. Nat. Rev. Cancer 2013, 13, 443–454. [Google Scholar] [CrossRef] [PubMed]

	41. 
Yu, V.P.; Koehler, M.; Steinlein, C.; Schmid, M.; Hanakahi, L.A.; van Gool, A.J.; West, S.C.; Venkitaraman, A.R. Gross chromosomal rearrangements and genetic exchange between nonhomologous chromosomes following BRCA2 inactivation. Genes Dev. 2000, 14, 1400–1406. [Google Scholar] [PubMed]

	42. 
Talens, F.; Jalving, M.; Gietema, J.A.; Van Vugt, M.A. Therapeutic targeting and patient selection for cancers with homologous recombination defects. Exp. Opin. Drug Discov. 2017, 12, 565–581. [Google Scholar] [CrossRef] [PubMed]

	43. 
Carden, C.P.; Yap, T.A.; Kaye, S.B. PARP inhibition: Targeting the Achilles’ heel of DNA repair to treat germline and sporadic ovarian cancers. Curr. Opin. Oncol. 2010, 22, 473–480. [Google Scholar] [CrossRef] [PubMed]

	44. 
Lee, J.-H.; Paull, T.T. ATM activation by DNA double-strand breaks through the Mre11-Rad50-Nbs1 complex. Science 2005, 308, 551–554. [Google Scholar] [CrossRef] [PubMed]

	45. 
Sartori, A.A.; Lukas, C.; Coates, J.; Mistrik, M.; Fu, S.; Bartek, J.; Baer, R.; Lukas, J.; Jackson, S.P. Human CtIP promotes DNA end resection. Nature 2007, 450, 509–514. [Google Scholar] [CrossRef] [PubMed]

	46. 
Zou, L.; Elledge, S.J. Sensing DNA damage through ATRIP recognition of RPA-ssDNA complexes. Science 2003, 300, 1542–1548. [Google Scholar] [CrossRef] [PubMed]

	47. 
Mimitou, E.P.; Symington, L.S. DNA end resection--unraveling the tail. DNA Repair 2011, 10, 344–348. [Google Scholar] [CrossRef] [PubMed]

	48. 
Price, B.D.; D’andrea, A.D. Chromatin remodeling at DNA double-strand breaks. Cell 2013, 152, 1344–1354. [Google Scholar] [CrossRef] [PubMed]

	49. 
Chen, J.; Zhu, F.; Weaks, R.L.; Biswas, A.K.; Guo, R.; Li, Y.; Johnson, D.G. E2F1 promotes the recruitment of DNA repair factors to sites of DNA double-strand breaks. Cell Cycle 2011, 10, 1287–1294. [Google Scholar] [CrossRef] [PubMed]

	50. 
Liu, K.; Lin, F.-T.; Ruppert, J.M.; Lin, W.-C. Regulation of E2F1 by BRCT domain-containing protein TopBP1. Mol. Cell. Biol. 2003, 23, 3287–3304. [Google Scholar] [CrossRef] [PubMed]

	51. 
Wardlaw, C.P.; Carr, A.M.; Oliver, A.W. TopBP1: A BRCT-scaffold protein functioning in multiple cellular pathways. DNA Repair 2014, 22, 165–174. [Google Scholar] [CrossRef] [PubMed]

	52. 
Liu, K.; Luo, Y.; Lin, F.-T.; Lin, W.-C. TopBP1 recruits Brg1/Brm to repress E2F1-induced apoptosis, a novel pRb-independent and E2F1-specific control for cell survival. Genes Dev. 2004, 18, 673–686. [Google Scholar] [CrossRef] [PubMed]

	53. 
Campanero, M.R.; Flemington, E.K. Regulation of E2F through ubiquitin-proteasome-dependent degradation: Stabilization by the pRB tumor suppressor protein. Proc. Natl. Acad. Sci. USA 1997, 94, 2221–2226. [Google Scholar] [CrossRef] [PubMed]

	54. 
Hofmann, F.; Martelli, F.; Livingston, D.M.; Wang, Z. The retinoblastoma gene product protects E2F-1 from degradation by the ubiquitin-proteasome pathway. Genes Dev. 1996, 10, 2949–2959. [Google Scholar] [CrossRef] [PubMed]

	55. 
Hateboer, G.; Kerkhoven, R.M.; Shvarts, A. Degradation of E2F by the ubiquitin-proteasome pathway: Regulation by retinoblastoma family proteins and adenovirus transforming proteins. Genes Dev. 1996, 10, 2960–2970. [Google Scholar] [CrossRef] [PubMed]

	56. 
Guo, R.; Chen, J.; Zhu, F.; Biswas, A.K.; Berton, T.R.; Mitchell, D.L.; Johnson, D.G. E2F1 localizes to sites of UV-induced DNA damage to enhance nucleotide excision repair. J. Biol. Chem. 2010, 285, 19308–19315. [Google Scholar] [CrossRef] [PubMed]

	57. 
Guo, R.; Chen, J.; Mitchell, D.L.; Johnson, D.G. GCN5 and E2F1 stimulate nucleotide excision repair by promoting H3K9 acetylation at sites of damage. Nucleic Acids Res. 2011, 39, 1390–1397. [Google Scholar] [CrossRef] [PubMed]

	58. 
Lin, P.S.; Mcpherson, L.A.; Chen, A.Y.; Sage, J.; Ford, J.M. The role of the retinoblastoma/E2F1 tumor suppressor pathway in the lesion recognition step of nucleotide excision repair. DNA Repair 2009, 8, 795–802. [Google Scholar] [CrossRef] [PubMed]

	59. 
Hardy, T.M.; Kumar, M.S.; Smith, M.L. RB stabilizes XPC and promotes cellular NER. Anticancer Res. 2010, 30, 2483–2488. [Google Scholar] [PubMed]

	60. 
Wiest, N.E.; Houghtaling, S.; Sanchez, J.C.; Tomkinson, A.E.; Osley, M.A. The SWI/SNF ATP-dependent nucleosome remodeler promotes resection initiation at a DNA double-strand break in yeast. Nucleic Acids Res. 2017, 45, 5887–5900. [Google Scholar] [CrossRef] [PubMed]

	61. 
Mimitou, E.P.; Yamada, S.; Keeney, S. A global view of meiotic double-strand break end resection. Science 2017, 355, 40–45. [Google Scholar] [CrossRef] [PubMed]

	62. 
Lang, S.E.; McMahon, S.B.; Cole, M.D.; Hearing, P. E2F transcriptional activation requires TRRAP and GCN5 cofactors. J. Biol. Chem. 2001, 276, 32627–32634. [Google Scholar] [CrossRef] [PubMed]

	63. 
Dunaief, J.L.; Strober, B.E.; Guha, S.; Khavari, P.A.; Alin, K.; Luban, J.; Begemann, M.; Crabtree, G.R.; Goff, S.P. The retinoblastoma protein and BRG1 form a complex and cooperate to induce cell cycle arrest. Cell 1994, 79, 119–130. [Google Scholar] [CrossRef]

	64. 
Malewicz, M.; Perlmann, T. Function of transcription factors at DNA lesions in DNA repair. Exp. Cell Res. 2014, 329, 94–100. [Google Scholar] [CrossRef] [PubMed]

	65. 
Davis, A.J.; Chen, B.P.C.; Chen, D.J. DNA-PK: A dynamic enzyme in a versatile DSB repair pathway. DNA Repair 2014, 17, 21–29. [Google Scholar] [CrossRef] [PubMed]

	66. 
Cook, R.; Zoumpoulidou, G.; Luczynski, M.T.; Rieger, S.; Moquet, J.; Spanswick, V.J.; Hartley, J.A.; Rothkamm, K.; Huang, P.H.; Mittnacht, S. Direct involvement of retinoblastoma family proteins in DNA repair by non-homologous end-joining. Cell Rep. 2015, 10, 2006–2018. [Google Scholar] [CrossRef] [PubMed]

	67. 
Miller, K.M.; Tjeertes, J.V.; Coates, J.; Legube, G.; Polo, S.E.; Britton, S.; Jackson, S.P. Human HDAC1 and HDAC2 function in the DNA-damage response to promote DNA nonhomologous end-joining. Nat. Struct. Mol. Biol. 2010, 17, 1144–1151. [Google Scholar] [CrossRef] [PubMed]

	68. 
Miller, K.M.; Jackson, S.P. Histone marks: Repairing DNA breaks within the context of chromatin. Biochem. Soc. Trans. 2012, 40, 370–376. [Google Scholar] [CrossRef] [PubMed]

	69. 
Li, X.; Tyler, J.K. Nucleosome disassembly during human non-homologous end joining followed by concerted HIRA- and CAF-1-dependent reassembly. Elife 2016, 5, e15129. [Google Scholar] [CrossRef] [PubMed]

	70. 
Granata, M.; Panigada, D.; Galati, E.; Lazzaro, F.; Pellicioli, A.; Plevani, P.; Muzi-Falconi, M. To trim or not to trim: Progression and control of DSB end resection. Cell Cycle 2013, 12, 1848–1860. [Google Scholar] [CrossRef] [PubMed]

	71. 
Wang, C.; Chen, L.; Hou, X.; Li, Z.; Kabra, N.; Ma, Y.; Nemoto, S.; Finkel, T.; Gu, W.; Cress, W.D.; et al. Interactions between E2F1 and SirT1 regulate apoptotic response to DNA damage. Nat. Cell Biol. 2006, 8, 1025–1031. [Google Scholar] [CrossRef] [PubMed]

	72. 
Chan, H.M.; Krstic-Demonacos, M.; Smith, L.; Demonacos, C.; La Thangue, N.B. Acetylation control of the retinoblastoma tumour-suppressor protein. Nat. Cell Biol. 2001, 3, 667–674. [Google Scholar] [CrossRef] [PubMed]

	73. 
Zheng, S.; Moehlenbrink, J.; Lu, Y.-C.; Zalmas, L.-P.; Sagum, C.A.; Carr, S.; McGouran, J.F.; Alexander, L.; Fedorov, O.; Munro, S.; et al. Arginine methylation-dependent reader-writer interplay governs growth control by E2F-1. Mol. Cell 2013, 52, 37–51. [Google Scholar] [CrossRef] [PubMed]

	74. 
Markham, D.; Munro, S.; Soloway, J.; O’Connor, D.P.; La Thangue, N.B. DNA-damage-responsive acetylation of pRb regulates binding to E2F-1. EMBO Rep. 2006, 7, 192–198. [Google Scholar] [CrossRef] [PubMed]

	75. 
Pediconi, N.; Guerrieri, F.; Vossio, S.; Bruno, T.; Belloni, L.; Schinzari, V.; Scisciani, C.; Fanciulli, M.; Levrero, M. hSirT1-dependent regulation of the PCAF-E2F1-p73 apoptotic pathway in response to DNA damage. Mol. Cell. Biol. 2009, 29, 1989–1998. [Google Scholar] [CrossRef] [PubMed]

	76. 
Lander, E.S.; Linton, L.M.; Birren, B.; Nusbaum, C.; Zody, M.C.; Baldwin, J.; Devon, K.; Dewar, K.; Doyle, M.; FitzHugh, W.; et al. International human genome sequencing consortium initial sequencing and analysis of the human genome. Nature 2001, 409, 860–921. [Google Scholar] [CrossRef] [PubMed]

	77. 
Jachowicz, J.W.; Torres-Padilla, M.-E. LINEs in mice: Features, families, and potential roles in early development. Chromosoma 2016, 125, 29–39. [Google Scholar] [CrossRef] [PubMed]

	78. 
Nishibuchi, G.; Déjardin, J. The molecular basis of the organization of repetitive DNA-containing constitutive heterochromatin in mammals. Chromosome Res. 2017, 25, 77–87. [Google Scholar] [CrossRef] [PubMed]

	79. 
Slotkin, R.K.; Martienssen, R. Transposable elements and the epigenetic regulation of the genome. Nat. Publ. Group 2007, 8, 272–285. [Google Scholar] [CrossRef] [PubMed]

	80. 
Ishak, C.A.; Marshall, A.E.; Passos, D.T.; White, C.R.; Kim, S.J.; Cecchini, M.J.; Ferwati, S.; MacDonald, W.A.; Howlett, C.J.; Welch, I.D.; et al. An RB-EZH2 complex mediates silencing of repetitive DNA sequences. Mol. Cell 2016, 64, 1074–1087. [Google Scholar] [CrossRef] [PubMed]

	81. 
Dick, F.A.; Dyson, N. pRB contains an E2F1-specific binding domain that allows E2F1-induced apoptosis to be regulated separately from other E2F activities. Mol. Cell 2003, 12, 639–649. [Google Scholar] [CrossRef]

	82. 
Cecchini, M.J.; Dick, F.A. The biochemical basis of CDK phosphorylation-independent regulation of E2F1 by the retinoblastoma protein. Biochem. J. 2011, 434, 297–308. [Google Scholar] [CrossRef] [PubMed]

	83. 
Yamasaki, L.; Jacks, T.; Bronson, R.; Goillot, E.; Harlow, E.; Dyson, N.J. Tumor induction and tissue atrophy in mice lacking E2F-1. Cell 1996, 85, 537–548. [Google Scholar] [CrossRef]

	84. 
Maciejowski, J.; de Lange, T. Telomeres in cancer: Tumour suppression and genome instability. Nat. Rev. Mol. Cell. Biol. 2017, 18, 175–186. [Google Scholar] [CrossRef] [PubMed]

	85. 
García-Cao, M.; Gonzalo, S.; Dean, D.; Blasco, M.A. A role for the Rb family of proteins in controlling telomere length. Nat. Genet. 2002, 32, 415–419. [Google Scholar] [CrossRef] [PubMed]

	86. 
Gonzalo, S.; García-Cao, M.; Fraga, M.F.; Schotta, G.; Peters, A.H.F.M.; Cotter, S.E.; Eguía, R.; Dean, D.C.; Esteller, M.; Jenuwein, T.; et al. Role of the RB1 family in stabilizing histone methylation at constitutive heterochromatin. Nat. Cell Biol. 2005, 7, 420–428. [Google Scholar] [CrossRef] [PubMed]

	87. 
Gonzalez-Vasconcellos, I.; Schneider, R.; Anastasov, N.; Alonso-Rodriguez, S.; Sanli-Bonazzi, B.; Fernández, J.L.; Atkinson, M.J. The Rb1 tumour suppressor gene modifies telomeric chromatin architecture by regulating TERRA expression. Sci. Rep. 2017, 7, 1–9. [Google Scholar] [CrossRef] [PubMed]

	88. 
Gonzalo, S.; Blasco, M.A. Role of Rb family in the epigenetic definition of chromatin. Cell Cycle 2005, 4, 752–755. [Google Scholar] [CrossRef] [PubMed]

	89. 
O’sullivan, R.J.; Karlseder, J. Telomeres: Protecting chromosomes against genome instability. Nat. Rev. Mol. Cell Biol. 2010, 11, 171–181. [Google Scholar] [CrossRef] [PubMed]

	90. 
Müller, S.; Almouzni, G. Chromatin dynamics during the cell cycle at centromeres. Nat. Rev. Genet. 2017, 18, 192–208. [Google Scholar] [CrossRef] [PubMed]

	91. 
Coschi, C.H.; Dick, F.A. Chromosome instability and deregulated proliferation: An unavoidable duo. Cell. Mol. Life Sci. 2012, 69, 2009–2024. [Google Scholar] [CrossRef] [PubMed]

	92. 
Sage, J.; Straight, A.F. RB’s original CIN? Genes Dev. 2010, 24, 1329–1333. [Google Scholar] [CrossRef] [PubMed]

	93. 
Manning, A.L.; Dyson, N.J. RB: Mitotic implications of a tumour suppressor. Nat. Rev. Cancer 2012, 12, 220–226. [Google Scholar] [CrossRef] [PubMed]

	94. 
Manning, A.L.; Longworth, M.S.; Dyson, N.J. Loss of pRB causes centromere dysfunction and chromosomal instability. Genes Dev. 2010, 24, 1364–1376. [Google Scholar] [CrossRef] [PubMed]

	95. 
Longworth, M.S.; Herr, A.; Ji, J.-Y.; Dyson, N.J. RBF1 promotes chromatin condensation through a conserved interaction with the Condensin II protein dCAP-D3. Genes Dev. 2008, 22, 1011–1024. [Google Scholar] [CrossRef] [PubMed]

	96. 
Manning, A.L.; Yazinski, S.A.; Nicolay, B.; Bryll, A.; Zou, L.; Dyson, N.J. Suppression of Genome Instability in pRB-Deficient Cells by Enhancement of Chromosome Cohesion. Mol. Cell 2014, 53, 993–1004. [Google Scholar] [CrossRef] [PubMed]

	97. 
Van Harn, T.; Foijer, F.; van Vugt, M.; Banerjee, R.; Yang, F.; Oostra, A.; Joenje, H.; Riele, H. Loss of Rb proteins causes genomic instability in the absence of mitogenic signaling. Genes Dev. 2010, 24, 1377–1388. [Google Scholar] [CrossRef] [PubMed]

	98. 
Coschi, C.H.; Martens, A.L.; Ritchie, K.; Francis, S.M.; Chakrabarti, S.; Berube, N.G.; Dick, F.A. Mitotic chromosome condensation mediated by the retinoblastoma protein is tumor-suppressive. Genes Dev. 2010, 24, 1351–1363. [Google Scholar] [CrossRef] [PubMed]

	99. 
Isaac, C.E.; Francis, S.M.; Martens, A.L.; Julian, L.M.; Seifried, L.A.; Erdmann, N.; Binné, U.K.; Harrington, L.; Sicinski, P.; Berube, N.G.; et al. The retinoblastoma protein regulates pericentric heterochromatin. Mol. Cell. Biol. 2006, 26, 3659–3671. [Google Scholar] [CrossRef] [PubMed]

	100. 
Talluri, S.; Isaac, C.E.; Ahmad, M.; Henley, S.A.; Francis, S.M.; Martens, A.L.; Bremner, R.; Dick, F.A. A G1 checkpoint mediated by the retinoblastoma protein that is dispensable in terminal differentiation but essential for senescence. Mol. Cell. Biol. 2010, 30, 948–960. [Google Scholar] [CrossRef] [PubMed]

	101. 
Brady, C.A.; Jiang, D.; Mello, S.S.; Johnson, T.M.; Jarvis, L.A.; Kozak, M.M.; Broz, D.K.; Basak, S.; Park, E.J.; McLaughlin, M.E.; et al. Distinct p53 transcriptional programs dictate acute DNA-damage responses and tumor suppression. Cell 2011, 145, 571–583. [Google Scholar] [CrossRef] [PubMed]

	102. 
Attardi, L.D.; Sage, J. RB goes mitochondrial. Genes Dev. 2013, 27, 975–979. [Google Scholar] [CrossRef] [PubMed]

	103. 
Abbas, T.; Keaton, M.A.; Dutta, A. Genomic Instability in Cancer. Cold Spring Harb. Perspect. Biol. 2013, 5, a012914. [Google Scholar] [CrossRef] [PubMed]

	104. 
Hilgendorf, K.I.; Leshchiner, E.S.; Nedelcu, S.; Maynard, M.A.; Calo, E.; Ianari, A.; Walensky, L.D.; Lees, J.A. The retinoblastoma protein induces apoptosis directly at the mitochondria. Genes Dev. 2013, 27, 1003–1015. [Google Scholar] [CrossRef] [PubMed]

	105. 
Burkhart, D.L.; Sage, J. Cellular mechanisms of tumour suppression by the retinoblastoma gene. Nat. Rev. Cancer 2008, 8, 671–682. [Google Scholar] [CrossRef] [PubMed]

	106. 
Viatour, P.; Sage, J. Newly identified aspects of tumor suppression by RB. Dis. Model. Mech. 2011, 4, 581–585. [Google Scholar] [CrossRef] [PubMed]

	107. 
Burke, J.R.; Hura, G.L.; Rubin, S.M. Structures of inactive retinoblastoma protein reveal multiple mechanisms for cell cycle control. Genes Dev. 2012, 26, 1156–1166. [Google Scholar] [CrossRef] [PubMed]

	108. 
Sherr, C.J. Principles of tumor suppression. Cell 2004, 116, 235–246. [Google Scholar] [CrossRef]

	109. 
Pelka, P.; Miller, M.S.; Cecchini, M.; Yousef, A.F.; Bowdish, D.M.; Dick, F.; Whyte, P.; Mymryk, J.S. Adenovirus E1A Directly Targets the E2F/DP-1 Complex. J. Virol. 2011, 85, 8841–8851. [Google Scholar] [CrossRef] [PubMed]

	110. 
Carr, S.M.; Munro, S.; Zalmas, L.P.; Fedorov, O.; Johansson, C.; Krojer, T.; Sagum, C.A.; Bedford, M.T.; Oppermann, U.; La Thangue, N.B. Lysine methylation-dependent binding of 53BP1 to the pRb tumor suppressor. Proc. Natl. Acad. Sci. USA 2014, 111, 11341–11346. [Google Scholar] [CrossRef] [PubMed]

	111. 
Heilmann, A.M.F.; Dyson, N.J. Phosphorylation puts the pRb tumor suppressor into shape. Genes Dev. 2012, 26, 1128–1130. [Google Scholar] [CrossRef] [PubMed]

	112. 
Carnevale, J.; Palander, O.; Seifried, L.A.; Dick, F.A. DNA Damage signals through differentially modified E2F1 molecules to induce apoptosis. Mol. Cell. Biol. 2012, 32, 900–912. [Google Scholar] [CrossRef] [PubMed]

	113. 
Shen, J.; Peng, Y.; Wei, L.; Zhang, W.; Yang, L.; Lan, L.; Kapoor, P.; Ju, Z.; Mo, Q.; Shih, I.M.; et al. ARID1A deficiency impairs the DNA damage checkpoint and sensitizes cells to PARP inhibitors. Cancer Discov. 2015, 5, 752–767. [Google Scholar] [CrossRef] [PubMed]

	114. 
Bennett, G.; Peterson, C.L. SWI/SNF recruitment to a DNA double-strand break by the NuA4 and Gcn5 histone acetyltransferases. DNA Repair 2015, 30, 38–45. [Google Scholar] [CrossRef] [PubMed]











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
o

/ Suv4-20h
E2F1-RB-BRG1 H4K20me3

RB-Ku70-Ku80

CAP-D3
RB-E2F1-EZH2  (condensin II)

Homologous Telomere
Recombination Maintenance

Non Homologous Silencing of Centromere Pericentromeric
End Joining Repetitive Structure Structure
Regions





nav.xhtml


  ijms-18-01776


  
    		
      ijms-18-01776
    


  




  





media/file0.png





media/file2.png
(" ﬂF : v
@) ﬂ@:

DNA end 1 ctiP

resection
RPA
3) eegep —VUNUNY el
Impaired DNA end
Homology search || RAD51 resection and HR
strand invasion & || BRCA2 repair, increased
Rad51 branch migration genomic instability and

cancer

NN, —Hr™ —_—
* _/4_.JC

(a)

Efficient DNA end
resection, HR,
genome stability

(b)





media/file3.jpg
Suva-20n

E2F1-RB-BRG1 K2omes

RE-Ku70-KuBO /
cap.03

RE-E2F1-E2H2  (Gondensin Il
Homologous Telomere.
Recombination Maintonance

Non Homologous  Silencing of Centromere  Pericentromeric
EndJoining  Repetitive Structure. Structure
Regions.






media/file1.jpg





